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FTF.LD OF THF. INVENTION 

The present invention pertains to an InAs/GaSb/AlSb semiconductor structure useful in 
making bipolar junction transistors (BJTs), and more particularly useful in making 
heterojunction bipolar transistors (HBTs) and still more particularly useful for making npn 
HBTs having small (submicron) feature sizes. The present invention also pertains to a 
method of making same. 



BACKGROUND 



HBT integrated circuits have found wide acceptance in industry for use in applications as 
diverse as satellite communication systems, radar systems, cable television systems, optical 
1 5 receivers, etc. Prior art HBTs tend to be Gallium Arsenide (GaAs) devices. With the 

industrial acceptance of HBTs has come the need for HBT devices which can be made smaller 
but without sacrificing the gain of the device and for HBT devices which can operate at even 
higher frequencies than prior art GaAs devices. 

20 HBTs manufactured from an Indium Arsenide / Aluminum Antimonide / Gallium Antimonide 
(InAs/AlSb/GaSb) system possess a number of advantages over prior art GaAs HBTs. For 
example, GaSb is an excellent high-frequency p-type base material, having higher hole 
mobility than presently used base materials, such as GaAs and In 0 53 Ga 0 47 As. It can be p- 
doped with Si to densities approaching 10 20 /cm 3 , which are equal to the highest densities 

25 achievable with GaAs and InGaAs (using C as a dopant). Since base resistance is inverse to 
the product of hole mobility and doping level, the higher mobility translates to lower 
resistance for p-doped GaSb bases, which will increase the operating frequency limit of a 
device. 

30 An InAs/AlSb/GaSb material system is also preferable for HBTs being fabricated with 
submicron feature sizes. Prior art HBTs have relatively low surface Fermi level pinning 
energy, and as a consequence suffer from recombination of carriers at mesa sidewalls resulting 
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in substantial surface depletion effects. As feature dimensions shrink, these surface effects 
become proportionally more significant, limiting the size reduction which can be achieved 
without excessive loss of device performance in terms of the gain of the device. By contrast, 
the surface pinned energy for GaSb is near the valence band maximum. Accordingly, a />type 
GaSb base layer would not have significant surface depletion effects at mesa sidewalls, and 
could thus be scaled down with less loss of gain due to such surface effects. 

In addition to the above advantages, the InAs/AlSb/GaSb material system allows very flexible 
bandgap engineering. InAs, AlSb, and GaSb have nearly equal lattice constants, such that 
varying combinations of the materials may be fabricated, in reasonable thicknesses, without 
suffering serious crystalline defects. Consequently, flexible engineering is possible which will 
permit implementation of advanced features, such as drift fields in the base material to sweep 
minority carriers across the base to the collector. 

A pnp InAs/AlSb/GaSb structure has been tested, as reported by Pekarik et al., "An AlSb- 
InAs-AlSb double-heterojunction P-n-P bipolar transistor," J. Vac. Sci. Technol. B, volume 
10 no. 2, Mar/Apr 1992, pps. 1032-1034. This device does not employ either a GaSb base 
nor a superlattice in the emitter or collector, and is not of the preferred npn structure. Npn 
HBT devices are generally preferred by those skilled in the art for high performance 
applications. 

Although desirable, InAs/AlSb/GaSb heterostructure systems have been difficult to fabricate. 
First, the available emitter materials, AlGaSb or AlSb, require Tellurium (Te) for w-type 
doping. Tellurium is inconvenient for use in Molecular Beam Epitaxy (MBE) systems, 
because its memory effects make it difficult to avoid unwanted Te in subsequent layers, and 
because the Te ties up an available port. Second, AlGaSb and AlSb have a conduction band 
mismatch with the preferred GaSb base materials. If they are to be used as emitter materials, 
they need sophisticated grading to deal satisfactorily with the conduction band offset. They 
are even less desirable as collector materials, because the noted conduction band offset can 
cause a trapping of carriers. 
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Accordingly, there is a need for an InAs/AlSb/GaSb HBT structure having a GaSb base, and 
having improved conduction band alignment across the base-emitter and base-collector 
junctions. Ideally, such an HBT would be easy to dope. The present invention addresses 
these needs by employing an InAs/AlSb superlattice which can be constructed to achieve 
nearly perfect conduction band alignment with GaSb. The entire HBT structure can be doped 
using only Si for both n-doping of the emitter and collector and forp-doping of the GaSb 
base. Moreover, the InAs/AlSb superlattice has a valence band offset to GaSb of 
approximately .475 V, enhancing the gain characteristics of devices fabricated according to the 
present invention. 

Si-doped InAs/AlSb superlattices have been used as K-type cladding layers for infrared lasers, 
as described in U.S. Patent No. 5,594,750 to Hasenberg and Chow. They have also been used 
as Schottky barrier layers [Chow, Dunlap, et al., IEEE ElectronDevice Letters, Vol. 17, p. 69 
(1996)]. 



SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a method of forming an InAs/GaSb/AlSb 
structure which can be used in the manufacture of HBTs which permits conduction-band 
20 alignment of the junctions. 

Preferably, the layers of the structure can be easily doped to desired densities and therefore 
the use of Te as a dopant can be avoided. 

25 Briefly, and in general terms, the present invention provides a method of forming a 

semiconductor structure comprising the steps of: (i) forming, on a substrate, an «-doped 
collector structure of InAs/AlSb materials; forming a base structure on said collector structure 
which base structure comprises p-doped GaSb; and forming, on said base structure, an n- 
doped emitter structure of InAs/AlSb materials. 



Preferably the collector and/or emitter structures are provided by superlattice structures 
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haying sublayers of InAs and AlSb with thicknesses selected to yield a conduction band edge 
for the superlattice structures approximately equal to the conduction band edge of GaSb. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 depicts the conduction and valence band edges of an InAs/AlSb superlattice as a 
function of constituent layer thickness with GaSb band edges being shown for reference; 

Figure 2 is a diagram of the band energies for the preferred emitter, base and collector of the 
npn HBT structure where dashed lines represent the bulk InAs and AlSb band edges and 
where solid lines represent the effective superlattice band edges; and 

Figure 3 depicts the layer sequence of an embodiment of a semiconductor structure according 
to the present invention; 

Figures 3 A - 3E depict details of the structure shown by Figure 3; 

Figure 4 depicts the layer sequence of an alternative embodiment of a semiconductor structure 
having a superlattice base structure; and 

Figure 5 depicts how the structures of Figures 3 and/or 4 may be etched and metallized in 
order to provide an HBT device. 

► » 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

Figure 1 is a graph of the conduction and valence band edges of an InAs/AlSb superlattice as a 
function of constituent layer thicknesses. In this case the InAs sublayer thickness is equal to 
the AlSb sublayer thickness in each constituent layer (or period) of the superlattice. The 
conduction band edge of the superlattice can be varied over a wide range, including values 
above and below the GaSb conduction band (E c GaSb ) at about 1.2 eV above the valence band 
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maximum of InAs. As can be seen, -the conduction band of the superlattice (E c sls ) will equal 
the GaSb conduction band when the thickness of the constituent InAs and AlSb sublayers 
equal about 7.5 A. This fact will prove useful when selecting the thicknesses of certain InAs 
and AlSb layers in superlattice structures used in the preferred embodiment of the present 
invention to be discussed with reference to Figure 3. In contrast to the conduction band 
energy, the valence band energy of the superlattice (E v sls ) does not change significantly with 
layer thickness and is located 400 meV below the valence band maximum of GaSb (E v GaSb ). 



Figure 2 is a flat band diagram for a HBT structure with a «-type InAs/AlSb superlattice 
1 0 emitter, .p-type GaSb base and an rc-type InAs/AlSb superlattice collector. The diagram 

shows both the bulk InAs and AlSb band edges and the effective superlattice band edges in 
the emitter and collector layers of the HBT device. Preferably, the constituent superlattice 
layer thicknesses are selected such that the conduction band edges in both the emitter and 
collector align with the conduction band edge in the GaSb base so that there is a zero 
1 5 conduction band offset, while at the same time the valence band edges are appropriately 

misaligned by approximately 400 meV. How this can be accomplished will be described with 
reference to Figure 3 . 

Superlattice structures are well known in the art. For additional information the reader is 
20 directed to "Structural and transport properties of InAs/AlSb superlattices" by D. H. Chow 
et al. published in the Journal of Crystal Growth vol 150 (1 995) at pages 879 - 882, the 
disclosure of which is hereby incorporated herein by this reference. The reader is also directed 
to "InAs/AlSb/GaSb Resonant Interband Tunneling Diodes and Au-on-InAs/AlSb- 
Superlattice Schottky Diodes for Logic Circuits" by D. H. Chow et al published in IEEE 
25 Electron Devices Letters, Vol 1 7, No. 2, February 1 996, the disclosure of which is hereby 
incorporated hereby by this reference. 

Figure 3 shows an epitaxial structure for making a HBT in accordance with the present 
invention. Substrate 302 is preferably GaSb at the" present time, although it is anticipated 
30 that continued improvements in compliant substrates may permit the use of other substrate 
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materials, such as GaAs or InP. Subsequent layers are preferably grown by standard 
Molecular Beam Epitaxy (MBE) techniques, though any technique capable of providing the 
correct layer structure would be satisfactory. An undoped GaSb buffer layer 304 is grown on 
substrate 302 to a thickness of about 2000 A. A subcollector 306, grown upon buffer layer 
304, is preferably InAs, «-doped to a density of about 10 19 /cm 3 using Si ? and is grown to a 
, thickness of about 2000 A. InAs provides nearly perfect ohmic contact to the non-alloyed 
metallization, not shown, which will be deposited on subcollector 306 to provide the collector 
connection. The preferred metallization is Gold Germanium (AuGe), although Au and Al 
(Aluminum) are also considered to be satisfactory metals for the contacts formed for the 
emitter, base and collector. 

An optional subcollector grading layer 308 is preferably a chirped superlattice which shifts 
the effective collector composition gradually to lattice match the InAs preferred for 
subcollector 306, thereby reducing charge-impeding band discontinuities between collector 
312 and subcollector 306. Subcollector grading layer 308 includes about ten grading periods 
310, each period 310 having a sublayer 307 of AlSb and a sublayer 309 of InAs. Each period 
310 may be conveniently of the same thickness, preferably about 50 A, but the thicknesses of 
the periods 310 may range from about 2 to 100 A and the periods 310 need not necessarily all 
be of the same thickness. Preferably, n-doping of subcollector grading layer 308 is effected to 
a desired doping level of about 1 * 10 I9 /cm 3 by doping only InAs-containing sublayers 309 
with Si , to a density equal to the desired doping level divided by the proportion of the InAs- 
containing sublayer 309 within the particular period 310. Preferably, the thicknesses of the 
AlSb sublayers 307 increase with the thicknesses of the associated InAs sublayers 309 
decreasing as the periods 3 1 0 progress from the period immediately adjacent subcollector 306 
towards collector 312. 

For an example, consider the layer structure of grading layer 308 in the preferred embodiment, 
as shown in Fig. 3 and as shown in even greater detail by Figure 3A. Figure 3A shows a small 
portion of layer 306 and the first two periods immediately adjacent layer 306, namely the 
immediately adjacent period 301-1 and the next following period 310-2, as well as sublayer 
307 of the third period. In the first period 310-1 of subcollector grading layer 308, sublayer 
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307 comprises a layer of AlSb with a thickness of preferably 1/22 of the period 310 thickness 
(which is preferably 50 A) so the thickness of sublayer 307 in the first period 31 0-1 is 
preferably about 2.273 A thick, while sublayer 309 comprises a layer of InAs having a 
thickness of 21/22 of the period 310 thickness, so the thickness of sublayer 308 in the first 
5 period 3 1 0-1 is preferably about 47.727 A. The thickness of the first period 3 1 0-1 is 50 A, 
since, as indicated above, 50 A is the preferred thickness for each period 310. In each 
subsequent period 3 1 0, sublayer 3 07 increases in thickness by about 1 /22 of the period 
thickness (or about 2.273 A) while sublayer 309 decreases in thickness by about the same 
amount. Thus, the thickness of AlSb sublayer 307 of the tenth period 310-10 is preferably 

10 10/22 of the period 310 thickness (or about 22.73 A), while the thickness of the InAs 

sublayer 309 of the tenth period 310-10 is preferably 12/22 of the period 310 thickness (or 
about 27.27 A). Since the desired average doping density is preferably 2 * 10 18 /cm 3 , the 
InAs sublayer 309 in the first period 310-1 preferably is doped to (50/47.727) x 2 * ■ 
10 18 /cm 3 , or about 2.1 * 10i8/cm 3 , while the InAs sublayer 309 in the tenth period preferably 

15 is doped to (50/27.27) x 2 * lOWcm 3 , or about 3.67 * 10i8/cm 3 . ' t , 

This technique results in a constant average doping density through the optional grading layer 
308. However, since the grading layer 308 is itself optional, the grading layer 308, if used, 
may be of a more simple construction. For example, the preferred average doping density of 2 
20 * 10 18 /cm 3 for the grading layer 308 could be maintained by keeping the dopant concentration 
in each InAs sublayer 309 constant as opposed to adjusting the doping depending on the 
thickness of each sublayer 309 of InAs. 

Collector 312 is preferably provided by a superlattice of InAs and AlSb, grown to a thickness 
25 of preferably 3 000 A. Turning also to Figure 3B, a small portion (two periods 3 1 4-1 and 
3 14-2 are identified) of the superlattice collector 312 immediately adjacent the tenth period 
301-10 of the grading layer 308 is depicted. Superlattice periods 314 each have a sublayer 
311 of AlSb and a sublayer 313 of InAs. If, within each period 314,the thickness ofthe AlSb 
sublayer 3 1 1 is equal to the thickness of its adjacent InAs sublayer 3 1 3, the resultant 
30 superlattice collector 12 is very nearly lattice-matched to GaSb, having a mismatch (Aa / a) of 

» 

only 5 x 1CK As has been explained with reference to Figure 1, the conduction band energy of 



BNSDOCID: <WO. 



0122497A1„L> 



WO 01/22497 PCTYUS00/23375 

* 

* 

. the su^erlattice collector 3 12 is a function of the thicknesses of sublayers 311 and 313. . 
Sublayer thicknesses of about 7.5 A for the sublayers 311 and 313 in the periods 3 1 4 of the 
superlattice are preferred (particularly near the base 316) in order fqr the conduction band 
energy at the edge of the collector superlattice 312 to align with the conduction band of the 
base 316 of the HBT, which base 316, as will be seen, is preferably formed of doped GaSb. 
In order to aphieve an ef^ sublayers 
311 are preferably undoped while the InAs sublayers 3 1 3 are preferably doped to about 2* 
10 16 /cm 3 . The overall thickness of the collector 3 1 2 is preferably 3000 A. The thickness of 
each period 3 14 is preferably 1 5 A, at least adjacent the base 316. If the 15 A period 314 
thickness were maintained throughout the entire preferred 3000 A thickness of the cpllector 
3 1 2, then the .collector 3 12 . would comprise approximately 200 periods 3 14. Preferably, 
however, the periods 314 increase slightly in thickness as the periods are more and more 
remote from the base, so that the period 314 thickness preferably increases to about 20 A in 
the center of the base 3 16. 

In the embodiment of Figure 3, base 316 is preferably bulk GaSb grown to a thickness of 
preferably 300 A. The GaSb base is jt?-doped preferably with Si to a density of about 
1020/ cm 3. . . . ...... .'. 

Emitter 322, grown upon base 31j6, is preferably a superlattice having tepeatijig periods 324, 
each period 324 including a sublayer 323 of AlSb and a sublayer 321 of InAs. Figure 3C 
shows two periods 324-1 and 324-2, period 324-1 being the period 324 immediately 
adjacent base 316. It is generally preferred to align the conduction band energies of both the 
hase-en^tter and base-collector junptions. In this preferred embodiment, since base 3 16 is 
bulk GaSb, emitter 322 is preferably grown in a structure similar to that of collector 3 1 2 in 
order to attain the same conduction band energy of about 1 .2 eV above the valence band 
maximum of InAs. Accordingly, sublayers 323 and 321 are each preferably 7.5 A thick. 
Emitter 322 differs from collector 3 12 in that it is preferably grown to a lesser thickness (of 
about 1000 A) and is doped more heavily than the collector 312. Emitter 312 is preferably n- 
doped, using Si, to a density of about 10 18 /cm 3 , by doping the InAs sublayers 321 to a 
density of 2 * 1 0 1 8 /cm 3 . In that way the AlSb sublayers 323 may be left undoped. 
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Emitter contact grading layer 318 is somewhat similar to the subcollector grading layer 308 in 
this embodiment, the emitter contact grading layer 318 including preferably a number of 
periods 320, starting with a period thickness of about 1 5 A at the juncture with the emitter 
layer 322 and increasing to a period thickness of about 50 A thick adjacent the InAs contact 
layer 330. Each period 320 comprises an InAs sublayer 319 and a AlSb sublayer 317. Figure 
3D is a detailed view of a first few periods 320-1 through 320-3 of the emitter contact grading 
layer 318 immediately adjacent the last two periods 324-X and 324-X-l of the emitter 322. 
If the total thickness of the emitter is indeed about 1000 A, then X (the number of periods 
324 in the superlattice emitter 322) will fall in the range of about 65 to 70. The proportional 
thickness of each InAs sublayer 319 within its period 320 conveniently increases each period 
from about 1 1/22 in the first period 320-1 nearest emitter 322 to about 2 1 /22 in the last 
period 320-X immediately adjacent emitter contact 330. Figure 3E is a detailed view oftfae- 
last two periods 31 0-X-1 and 310-X next to the emitter contact 330. The thickness of each 
of the periods 320 is conveniently increased to about 50 A while decreasing the proportional 
thickness of each AlSb sublayer 3 1 7 from about 1 1/22 of the first period 320-1 to about 1/22 
of the last period 320-X. Emitter contact grading layer 318 has an overall preferred thickness 
of about 1000 A. Doping is accomplished as in subcollector grading layer 308, by using Si n- 
type doping of the InAs sublayers 319 to achieve an average doping density of preferably 2 * 
1 0 1 8 /cm 3 in emitter contact grading layer 318. 

In the preferred embodiment of Figure 3, emitter contact layer 330 is preferably bulk InAs 
grown to a thickness of preferably 300 A. The InAs emitter contact 330 is «-doped 
preferably with Si to a density of about 10 19 /cm 3 . 

In the embodiment of Figure 3, the base layer is described as being provided by bulk GaSb 
grown using known epitaxial techniques, such as MBE. However, instead of using a bulk 
material for the base, if a graded AlGa Sb alloy is provided instead, then a drift field for 
electrons crossing the base layer 3 1 6 can be provided and the emitter superlattice energy gap 
can be widened slightly to provide conduction band edge alignment at both the emitter-base 
and collector-base junctions. For example, Al 0 2 Ga 0 8 Sb has a higher conduction band 
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maximum than does GASb by about 100 meV. As such the InAs/AlSb siiperlattice emitter 
period 324 would have a smaller thickness in order to provide the appropriate alignment with 
the E c for Al 0 2 Ga 0 g Sb. 

Figure 4 shows another alternative embodiment of the base 316. Here the base 316 is a 
chirped superlattice, graded in ten periods 317 from GaSb at the collector junction to Al Ga 
x Sb at the emitter junction. The A^Ga^Sb composition may have x at the emitter end of 
from 0 to about 0.2. However, x is preferably equal to 0. 1 and thus the base material 317 
adjacent the emitter is preferably formed by Al 0 , Ga 0 9 Sb. 

The epitaxially grown structures shown in Figures 3 or 4, after suitable masking and etching 
using well known techniques, can be etched to obtain the shape of the structure shown in 
Figure 5. With the application of suitable metalization, the HBT structure shown in Figure 5 
is obtained. The metalization includes forming collector contacts 340, base contacts 345 and 
emitter contacts 350. Since masking and etching using the structures shown in Figures 3 or 4 
to attain the structure shown in Figure 5 is rather straightforward for those skilled in the art, 
the details for how the masking and etching is carried out is a matter of design choice. 

Having described the invention in connection with its preferred embodiments, modification 

» 

will now suggest itself to those skilled in the art. As such the invention is not to be limited to 
the disclosed embodiments, expect as required by the appended claims. 
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CLAIMS 



What is claimed is: 

5 1 . A method of forming a semiconductor structure comprising the steps of: 

forming, on a substrate, an w-doped collector structure of a superlattice of InAs/ AlSb 
materials; 

forming a base structure on said collector structure which base structure comprises p- 
doped GaSb; and 

10 forming, on said base structure, an w-doped emitter structure of a superlattice of 

InAs/AlSb materials. 

2. The method of forming a semiconductor structure according to claim 1 wherein, 
said emitter structure includes an emitter superlattice having sublayers containing InAs and 

15 sublayers containing AlSb. 

3 . The method of forming a semiconductor structure according to claim 2 wherein 
the step of forming said emitter structure further includes forming an emitter contact layer of 
InAs. 

20 

4. The method of forming a semiconductor structure according to claim 3 wherein 
the step of forming said emitter superlattice further includes forming a chirped superlattice 
layer between the emitter superlattice and the emitter contact layer, the chirped superlattice 
at least partially grading a transition between the emiiter superlattice having sublayers 

25 containing InAs and sublayers containing AlSb and said emitter contact layer of InAs. 

5 . The method of forming a semiconductor structure of claim 4 wherein the step 
of forming the chirped superlattice includes controlling the thicknesses of the sublayers 
containing InAs and AlSb to shift an effective composition of the emitter superlattice 

30 gradually to match InAs of the emitter contact layer. 
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6. The method of forming a semiconductor structure according to claim 2 wherein 
the emitter superlattice comprises a number of periods of sublayers containing InAs and 

* * • i 

sublayers containing AlSb. 



7. The method of forming a semiconductor structure according to claim 6, 
wherein each sublayer of at least one period has a thickness of approximately 7.5 A. 



8. The method of forming a semiconductor structure according to claim 6 wherein 
the periods of the emitter superlattice are thicker in the center of the emitter superlattice than 
they are adjacent the base structure. 



9. The method of forming a semiconductor structure according to any one of 
claims 2-8 wherein the wherein each sublayer has a thickness selected to yield a conduction 
band edge approximately equal to a conduction band edge of GaSb. 



10. The method of forming a semiconductor structure according to any one of the 
preceding claims wherein said collector structure includes a collector superlattice having 
sublayers containing InAs and sublayers containing AlSb. 



1 1 . The method of forming a semiconductor structure according to claim 1 0 
wherein the step of forming said collector structure further includes forming a subcollector 
layer of InAs. 



12. The method of forming a semiconductor structure according to claim 1 1 
wherein the step of forming said collector structure further includes forming a chirped 
superlattice layer between the collector superlattice and the subcollector layer, the chirped 
superlattice at least partially grading a transition between the collector superlattice having 
sublayers containing InAs and sublayers containing AlSb and said subcollector layer. 

13. The method of forming a semiconductor structure of claim 12 wherein the step 
of forming the chirped superlattice includes controlling the thicknesses of the sublayers 
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containing InAs and AlSb to shift the effective collector composition gradually to match the 
InAs of the subcollector layer, 



14. The method of forming a semiconductor structure according to any one of the 
5 preceding claims wherein the emitter structure is more heavily doped than is the collector 
structure. 



15. A semiconductor structure comprising : 
a substrate, 

* 

1 0 a n-doped collector structure of a superlattice of InAs/AlSb materials disposed on said 

substrate; 

a base structure on said collector structure, said base structure including /?-doped 

GaSb; and «**> J 
a tt-doped emitter structur on said base structure, said emitter structure including a 

15 superlattice of InAs/AlSb materials. 

16. The semiconductor structure according to claim 15 wherein said emitter 
structure includes an emitter superlattice having sublayers containing InAs and sublayers 
containing AlSb. 



17. The semiconductor structure according to claim 16 wherein said emitter 
structure further includes an emitter contact layer of InAs. 



18. The semiconductor structure according to claim 17 wherein the said emitter 
25 superlattice further includes a chirped superlattice layer between the emitter superlattice and 
the emitter contact layer, the chirped superlattice at least .partially grading a transition 
between the emiiter superlattice having sublayers containing InAs and sublayers containing 
AlSb and said emitter contact layer of InAs. 



30 19. The semiconductor structure of claim 1 8 wherein the thicknesses of the 

sublayers containing InAs and AlSb vary to shift an effective composition of the emitter 
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superlattice gradually to match InAs of the emitter contact layer. 



20. The semiconductor structure according to any one of claims 16 - 19 wherein 
the emitter superlattice comprises a number of periods of sublayers containing InAs and 

* 

sublayers containing AlSb. 



21. The semiconductor structure according to claim 20, wherein each sublayer of 
at least one period has a thickness of approximately 7.5 A. 



22. The semiconductor structure according to claim 20 wherein the periods of the 
emitter superlattice are thicker in the center of the emitter superlattice than they are adjacent 
the base structure. 



23. The semiconductor structure according to any one of claims 16-22 wherein 
the wherein each sublayer has a thickness selected to yield a conduction band edge 
approximately equal to a conduction band edge of GaSb. 



24. The semiconductor structure according to any one of claims 15-23 wherein 
said collector structure includes a collector superlattice having sublayers containing InAs and 

* 

sublayers containing AlSb. 



25. The semiconductor structure according to claim 24 wherein said collector 
structure further includes a subco Hector layer of InAs. 



26. The semiconductor structure according to claim 25 wherein said collector 
structure further includes a chirped superlattice layer disposed between the collector 
superlattice and the subcollector layer, the chirped superlattice at least partially grading a 
transition between the collector superlattice having sublayers containing InAs and sublayers 
containing AlSb and said subcollector layer. 



27. The semiconductor structure of claim 26 wherein the step of forming the 
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chirped superlattice includes controlling the thicknesses of the sublayers containing InAs and 
AlSb to shift the effective collector composition gradually to match the InAs of the 
subcollector layer. 

5 28. The ^ semiconductor structiEe according to any one of claims 15 - 27 wherein 

the emitter structure is more heavily doped than is the collector structure. 



>r ' '.-.1 V-3 J^Cv'^'Jn 



r' 



BNSDOCiD: <WO. 



.0122497A1_I_> 



WO-01/2249.7 



PCT/US00/23375 



1/8 




Layer thickness (A) 

* 

FIG. 1 



3DOCID: <WO 0122497A1_I > 



WO 01/22497 



2/8 



PCTVUSOO/23375 




InAs/AISb GaSb(p+) InAs/AISb 

superiattice(n) base superiattice(n) 

emitter collector 



FIG. 2 



BNSDOC1D: <WQ 



0122497A1J_> 



WO 01/22497 



PCTVUS00/23375 



3/8 



330^" 
520^ 



318 



320 



320*-^"- 



324^ 



324 



324^1 



316^ 
314«^ 



312 



314 



314 



310 



308 



311 



310 



306 



304 



In As contact 
n+=1E19 



InAs/AISb superlattice 
emitter, n=1 E18 



GaSb base 
p+=1 E20 



JnAs/AISb superlattice: 
collector, n=1E1 6 



graded InAs/AISb sis : 
subcollector, n=2E18 



InAs subcollector 
n+=1E19 



GaSb buffer 
undoped 



GaSb or compliant substrate 



300A 



; graded InAs/AISb sis j innn 5? 
• contact, n=2E1 8 ,UUUA 




2000A 



2000A 



302 



FIG. 3 



ISDOCID: <WO 0122497A1 j_> 



WO 01/22497 PC17US0O/23375 

4/8 



AlSb 



310-2 



In As 



AlSb 



310-1 



In As 



In As 



306 



u^-307 



309 



307 



309 



307 



FIG. 3A 



314- 



314- 



310-10 



In As 



AlSb 



In As 



In As 



311 
313 
311 
313 
311 



309 



307 



FIG. 3B 



BNSDOCID: <WO. 



.0122497A1_I_> 



WO 01/22497 



PCT/US00/23375 



5/8 



324-2 



C 



324-1 -I 

In As 



GaSb 316 



323 

35! *t 
323 

321 



FIG. 3C 



318 



318 



320 




320-2 ^ 



320-1 



I24-X r 

-x-i r 



In As 



AlSb 



InAs 



AlSb 



InAs 



AlSb 



InAs 



317 
319 
317 
319 
317 
319 
323 
321 



FIG. 3D 



.0122497A1 I > 



WO 01/22497 



PCT/US00/23375 



6/8 



320-X < 



320-X-1 




330 
317 



319 



317 



319 



317 



FIG.3E 



BNSDOCID: <WO 0122497A1„L> 



WO 01/22497 



PCT/US00/23375 



7/8 



330' 



318 



316 



312! 



In As contact 
n+=1E19 



300A 



; graded InAs/AISb sis j 

contact, n=2E 18 --I""" 1 OUUM 



32 ^f ::::::::: InAs/AISb superlattice . * nnnA 

::::::::: emitter, n=iEi 8 ::::::z:j 1000A 



GaSb/AIGaSb superlattice --—H 30 oa 

base p+=i E20 



JnAs/AISb superlattice: 
collector, n=1E1 6 ■ 



317 



3000A 



317 



308 f::::::::::graded InAs/AISb sis 

::::::: :::subcoiiector, n=2Eis ■ — — j 500A 



306 



304 



302 



InAs subcollector 
n+=1E19 



GaSb buffer 
undoped 



2000A 



2000A 



GaSb or conpliant substrate 



FIG. 4 



0122497A1_L> 



WO 01/22497 PCTYUSOO/23375 



8/8 



metallization 




21 



In As contact 



graded InAs/AISb sis 
contact. n=2E18 



jlnAs/AISb superlattice 
emitter, n=1 E1 8 



338 



318 



322 



GaSb superlattice 
base p+=1E20 



InAs/AISb superlattice 
collector, n=1E16 



graded InAs/AISb sis 
subcollector, n=2E18 



312 



308 




!'J> 





In As subcollector 
n+=1E19 


306 




GaSb buffer 
undoped 


' 304 " 


GaSb or compliant substrate 


•," 302 



FIG. 5 



BNSDOCID: <WO. 



0122497A1J_> 



INTERNATIONAL SEARCH REPORT 



inter mai Application No 

PCT/US 00/23375 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC 7 H01L29/737 H01L21/331 



According to International Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 7 H01L 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practical, search terms used) 

EPO-Intemal , PAJ, WPI Data, IBM-TDB, INSPEC 



a DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



PATENT ABSTRACTS OF JAPAN — : 
vol. 014, no. 546 (•E^iOOS), 
4 December 1990 (1990-12-04) 
& JP 02 232931 A (NEC CORP) , 
14 September 1990 (1990-09-14) 
abstract 

US 5 594 750 A (ZHANG ET AL.) 
14 January 1997 (1997-01-14) 
cited in the application 
the whole document 



1^14,15, 



1-28 



Further documents are listed in the continuation of box C. 



Patent family members are listed in annex. 



Q Special categories of. cited documents : 

"A* ^cujmLeoli^Doing. the general state of the art which is not 
• considered to be pf particular re fevahce 

"E" earlier document but published on or after the international 
filing date — - 

"L" document which may throw doubts oh priority claim(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

•O* document referring to an oral disclosure, use, exhibition or 
other means 

*P" document published prior to the'international filing dale but 
later than the priority date claimed 



*T! later document published after the international filing date 

^Qj; ; or priority date andnot In conflict with, the application but 

r, ™ — cite^'tb 7 understand^ the 
invention 

■ ■ ■•' "... • •*• * 
"X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

'Y' document of particular relevance; the claimed invention 

cannot be considered to Involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art 

document member of the same patent family 



Date of the actual completion of the international search 



8 December 2000 



Name and mailing address of the ISA 

European Patent Office, P. B. 5818 Patent laan 2 
NL - 2280 HV Riiswijk 
Tel. (+31-70) 340-2040, Tx. 31 651 epo nl. 
Fax: (+31-70)340-3016 



Date of mailing of the international search report 

22/12/2000 



Authorized officer 



Ball let, B 



Form PCT/ISA/210 (second sheet) (July 1992) 



SDOCID: <WO 



_0122497A1J_> 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 



Inten mai Application No 

PCT/US 00/23375 



C.(Continuatlon) DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



A 



A 



Citation of document, with indication .where appropriate, of the relevant passages 



CHOW D H ET AL: "Structural and transport 
properties of InAs/AlSb super! att ices" 
JOURNAL OF CRYSTAL GROWTH, NL, NORTH-HOLLAND 
PUBLISHING CO. AMSTERDAM, 
vol . 150, no. 9714, 

1 May 1995 (1995-05-01), pages 879-882, 

XP004003618 

ISSN: 0022-0248 

cited in the application 

the whole document 

US 5 159 421 A (WOLFF) 

27 October 1992 (1992-10-27) 

US 5 489 785 A (TEHRANI ET AL.) 
6 February 1996 (1996-02-06) 

CHOW D H ET AL: "INAS/ALSB/GASB RESONANT 
INTERBAND TUNNELING DIODES AND AU-ON-INAS/ 
ALSB-SUPERLATTICE SCHOTTKY DIODES FOR 
LOGIC CIRCUITS" 

IEEE ELECTRON DEVICE LETTERS, US, IEEE INC. 

NEW YORK, 

vol . 17, no. 2, 

1 February 1996 (1996-02-01), pages 69-71, 

XP000584735 

ISSN: 0741-3106 

cited in the application 



Relevant to claim No. 



Foim PCT7ISA/210 (continuation ol second sheet) (July 1992) 
: <WO 0122497A1_L> 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 

information on patent family members 



Patent document 
cited in search report 

JP 02232931 



Publication 
date 

14-09-1990 



Inten mal Application No 

PCT/US 00/23375 



Patent family 
member(s) 



NONE 



Publication 
date 



us 


5594750 


A 


14-01-1997 


NONE 


us 


5159421 


A 


27-10-1992 


NONE 


us 


5489785 


A 


06-02-1996 


JP 7273311 A 20-10-1995 



Form PCT/ISA/210 (patent family annex) (July 1992) 
3DOCID: <WO 0122497A1J_> 



